In a magnetic topological insulator, nontrivial band topology combines with magnetic order to produce exotic states of matter, such as quantum anomalous Hall (QAH) insulators and axion insulators. In this work, we probe quantum transport in MnBi 2 Te 4 thin flakes-a topological insulator with intrinsic magnetic order. In this layered van der Waals crystal, the ferromagnetic layers couple antiparallel to each other; atomically thin MnBi 2 Te 4 , however, becomes ferromagnetic when the sample has an odd number of septuple layers. We observe a zero-field QAH effect in a five-septuple-layer specimen at 1.4 kelvin, and an external magnetic field further raises the quantization temperature to 6.5 kelvin by aligning all layers ferromagnetically. The results establish MnBi 2 Te 4 as an ideal arena for further exploring various topological phenomena with a spontaneously broken time-reversal symmetry.
In a magnetic topological insulator, nontrivial band topology combines with magnetic order to produce exotic states of matter, such as quantum anomalous Hall (QAH) insulators and axion insulators. In this work, we probe quantum transport in MnBi 2 Te 4 thin flakes-a topological insulator with intrinsic magnetic order. In this layered van der Waals crystal, the ferromagnetic layers couple antiparallel to each other; atomically thin MnBi 2 Te 4 , however, becomes ferromagnetic when the sample has an odd number of septuple layers. We observe a zero-field QAH effect in a five-septuple-layer specimen at 1.4 kelvin, and an external magnetic field further raises the quantization temperature to 6.5 kelvin by aligning all layers ferromagnetically. The results establish MnBi 2 Te 4 as an ideal arena for further exploring various topological phenomena with a spontaneously broken time-reversal symmetry.
A distinct feature that is common to all topological materials is the presence of topologically protected quantum states that are robust against local perturbations (1) (2) (3) (4) . For example, in a topological insulator (TI) such as Bi 2 Te 3 , the bulk band topology guarantees the existence of twodimensional (2D) surface states with gapless Dirac dispersion (5, 6) . Introducing magnetism into the initially time-reversal invariant TIs induces profound changes in their electronic structures. Specifically, the long-range magnetic order breaks the time-reversal symmetry and causes an exchange gap in the gapless Dirac dispersion of the surface states (2, 7) . The gap opening is accompanied by the emergence of a chiral edge mode that is predicted to give rise to a quantum anomalous Hall (QAH) effect when the Fermi level is situated inside of the exchange gap (2, (8) (9) (10) . The dissipationless QAH edge channel, combined with the spin-momentum locking that is inherent in topological materials, may lead to advances in device concepts for topological electronic applications (11) .
The experimental observation of the QAH effect in chromium-doped (Bi,Sb) 2 Te 3 (10, (12) (13) (14) required precise control of the ratio of the multiple elements in this nonstoichiometric material. However, the fine-tuning needed to reconcile conflicting demands-i.e., large magnetization and low initial carrier dopingposes a challenge for material growth, and the randomly distributed magnetic dopants act as impurities that limit the quality of the magnetic TIs. As a result, the exact quantization of the anomalous Hall effect appears only at low temperatures, up to T = 2 K (in the penta-layer sandwich structure of topological insulators) (15) , which is far below the Curie temperature (a few tens of kelvin) and the exchange gap (hundreds of kelvin) (16) in the material. Further exploration of rich topological phenomena and their potential applications calls for intrinsic magnetic TIs-stoichiometric TIs with an innate magnetic order-so that topological effects can be studied in pristine crystals.
In this work, we probe the quantum transport in atomically thin flakes of intrinsic magnetic TI MnBi 2 Te 4 . MnBi 2 Te 4 is a layered ternary tetradymite compound that consists of Te-BiTe-Mn-Te-Bi-Te septuple layers (SLs, or "layers" hereafter), so the material can be viewed as layered TI Bi 2 Te 3 with each of its Te-Bi-TeBi-Te quintuple layers intercalated by an additional Mn-Te bilayer (inset of Fig. 1C ). The resultant MnBi 2 Te 4 crystal remains a TI but now becomes intrinsically magnetic (17) (18) (19) (20) (21) . The magnetism originates from the Mn 2+ ions in the crystal, which have a high spin of S = 5/2 and a large magnetic moment of~5m B (where m B is the Bohr magneton) (17, 18, 20, 22) . Below a Neel temperature of T N = 25 K, the spins couple ferromagnetically in each SL with an out-of-plane easy axis, but adjacent SLs couple antiparallel to each other. Bulk MnBi 2 Te 4 is, therefore, an antiferromagnet (AFM) (18, 20) . In this work, we study thin flakes of MnBi 2 Te 4 to minimize the parallel bulk conduction, focusing on MnBi 2 Te 4 flakes with an odd number of layers, N. Because the layer magnetization in these odd-layer flakes does not completely cancel, the flakes become ferromagnetic while remaining a TI for N ≥ 3 (18, 19 (25) . Compared with the bulk value of 25 K, T N monotonically decreases as the samples become thinner (T N = 23 K in the five-layer sample, 21 K in the four-layer sample, and 18 K in the three-layer sample). We ascribe the suppression of T N to increased thermal fluctuations as the samples approach the 2D limit. The resistance rises again at the lowest temperatures, probably because of the localization of the carriers in the presence of disorder in the 2D samples.
Few-layer MnBi 2 Te 4 flakes exhibit a rich set of magnetic states under a vertical magnetic field. The states manifest as steps in the Hall resistance, R yx , as the magnetic field, m 0 H, is varied (Fig. 1D ). There are three main points to notice in Fig. 1D . First, the three-and five-layer samples (samples 3a and 5a, respectively, as labeled in table S1) become ferromagnetic, whereas the four-layer sample (sample 4a) remains largely antiferromagnetic. The small, residual ferromagnetic response in R yx may come from possible substrate-induced, topbottom surface asymmetry or from disorders in the sample. Second, juxtaposing the R yx (m 0 H) of the three samples provides insight into those magnetic states. R yx (m 0 H) in the three-layer sample exhibits three plateaus that indicate three distinct magnetic states marked by empty circles, in contrast with five magnetic states indicated in the four-layer sample and six magnetic states in the fivelayer sample. It is evident that the SLs are initially antiferromagnetically coupled, and an increasing external magnetic field flips individual ferromagnetic SLs, one SL at a time, eventually reaching a fully polarized magnetic state above m 0 H~6 T. These magnetic states are schematically illustrated by the insets in Third, we observe that the anomalous Hall response quantizes to R yx = h/e 2 once the external magnetic field fully aligns the magnetization in all SLs (here h/e 2 = 25.8 kilohm is the resistance quantum, h is the Planck constant, and e the charge of an electron). The quantization of anomalous R yx is accompanied by a vanishing longitudinal resistance R xx (fig. S3) ; both features are hallmarks of a QAH state with a dissipationless chiral edge channel. As a voltage, V g , applied on backgate tunes the charge carrier in the five-layer sample (sample 5c; fig. S5 ) from the electron to the hole side, the QAH effect does not change sign, in distinct contrast to the carrier-typedependent ordinary quantum Hall effect that is originated from Landau level (LL) quantization. Furthermore, the quantization is best developed as V g is tuned to the charge neutrality point (CNP), V g CNP , where the Fermi level lies in the middle of the exchange gap (23) . The large exchange gap in the fully polarized magnetic state leads to a robust QAH effect at elevated temperatures ( fig. S4A ). In particular, the anomalous Hall effect in sample 5a remains well quantized (jR xx j stays above 0.97h/e 2 and R xx below 0.017h/e 2 ), under a magnetic field of m 0 H = 12 T, at temperatures up to T = 4.5 K (fig. S4, C and D) . Finally, we note that the zero-field anomalous Hall response in typical few-layer samples reaches a substantial fraction of the quantum resistance h/e 2 (up to 27% in sample 3a and 23% in sample 5c) but does not quantize, probably owing to disorder in the samples.
A well-developed QAH effect emerges at zero magnetic field in MnBi 2 Te 4 with much-improved sample quality. 2 Te 3 at T = 2 K (15). We adopt the same R yx~0 .97h/e 2 quantization criterion as in (15) throughout this work. An external magnetic field further enhances the quantization by aligning the ferromagnetic SLs (such magnetic transitions are visible in R xx as a function of magnetic field as shown in Fig. 2C ) and R yx plateaus at 0.998h/e 2 , under magnetic fields above m 0 H~2.5 T. The ferromagnetic alignment of the SLs also improves the robustness of the QAH effect against thermal fluctuations. We observe that jR yx j stays within 3% of the resistance quantum at temperatures up to T = 6.5 K, under a magnetic field of m 0 H = 7.6 T ( fig. S6G) .
Temperature-dependent measurements of R xx further reveal the energetics of the QAH effect in the five-layer flake. Specifically, R xx at V g = −200 V exhibits a thermally activated behavior, R xx e expðÀDE=2k B T Þ, at elevated temperatures (where k B is the Boltzmann constant and DE the energy gap; Fig. 2C ). Line fits to the Arrhenius plots of lnR xx as a function of 1/T yield the energy gap DE under various magnetic fields, as shown in Fig. 2, D and E. At zero magnetic field, we obtain an energy gap of DE = 0.64 meV, or 7.4 K, which reflects the energy scale of the zero-field QAH effect in sample 5b (Fig. 2D, red line) . Such an energy gap is larger than the value found in magnetically doped TI thin films (14) , but the energy gap is still much smaller than the exchange gap, E ex , expected in MnBi 2 Te 4 (19, 20, 23, 25) . We emphasize, however, that DE does not directly measure the bandgap E g of the surface states [E g = E ex in a pristine five-layer MnBi 2 Te 4 ; see (23) ], but rather characterizes the minimum energy required to excite an electron from the valence to the conduction band. The large difference between DE and predicted E ex implies marked surface-band broadening that may be caused by various disorders in the sample. The Fermi energy, E F , may not be situated exactly in the middle of the top and bottom surface gap at V g = −200 V. This deviation will also contribute to the difference between the two gap values (23) . The broadening may be responsible for the lack of direct observation of the exchange gap in spectroscopy measurements (26) (27) (28) (29) ; there is much room for further increasing the energy scale of the QAH effect in pristine, high-quality MnBi 2 Te 4 .
As an external magnetic field is applied, we observe that DE increases in three steps and peaks at 30 ± 2 K when the sample is fully polarized under m 0 H = 7.6 T. These steps coincide with the magnetic transitions (Fig. 2E) . We attribute the stepwise increase in DE to the enhanced E ex as the magnetic field aligns the magnetization of the SLs, one layer at a time (23) . After the magnetic field fully polarizes the five-layer sample, DE diminishes with increasing magnetic field above m 0 H = 7.6 T (Fig. 2E) . The suppression of DE stems from the fact that the exchange field (that produces of −0.74, whereas an effective model of the surface bands yields an estimate of the g-factor of −2.6 (23). The mismatch between the two values may again come from the possibility that E F is not situated in the middle of the top and bottom surface gap under a backgate bias of V g = −200 V (23). Finally, we note that the energy gap stays open from m 0 H = 0 to 14 T. This provides evidence that the high-field QAH state is adiabatically connected to the zero-field QAH state and that they are, topologically, the same state.
The QAH states gradually evolve into metallic ones as the backgate voltage shifts away from the CNP. The evolution provides a glimpse into the electronic structure of the surface bands outside of the bandgap. Figure 3A manifest as jumps in R yx . Within these magnetic states, the quantized R yx smoothly approaches zero as the backgate dopes electrons into the sample. R xx displays a peak during the process, as is typical for QAH insulatorto-metal transition (10, 12) ; examples of the transition are shown in Fig. 3 , B and C. There is, however, an exception at high magnetic fields: R yx goes through a plateau at Àh=ð2e 2 Þ during the transition, as shown in Fig. 3D . The same Àh=ð2e 2 Þ plateau in R yx is also visible at m 0 H > 10 T during field sweeps under V g = −60 V. The plateau is accompanied by a vanishing R xx (23) , which signifies the emergence of an additional quantized Hall state apart from the QAH state.
The origin of the additional quantized Hall state becomes clear once we plot R xx and @R yx =@m 0 H as a function of both gate bias, V g , and magnetic field, m 0 H (Fig. 4, A and B ; the R yx plot is shown in fig. S8 ). We observe that @R yx =@m 0 H maxima trace out straight lines that disperse with both V g and m 0 H (Fig. 4B , broken lines), i.e., these states have degeneracies that are proportional to m 0 H. This behavior is in stark contrast to that of the nondispersive QAH state, but it is characteristic of LLs formed by 2D band electrons; the broken lines traced out by @R yx =@m 0 H maxima mark the center of the half-filled LLs. The slopes of the lines produce the half-integer ratio (1.5:2.5: 3.5:4.5), as shown in Fig. 4B . Because the first fully filled LL has a filling factor n = −2 [R yx quantizes at Àh=ð2e 2 Þ for the first fully filled LL], the ratio enables us to uniquely determine the filling factor n of each fully filled state, n = −2, −3, −4, or −5 (Fig. 4B , indicated by solid lines between the broken lines). When extrapolated to m 0 H = 0 T, all the lines converge to V g = −120 V, where the backgate starts to fill the surface band with electrons (Fig. 4A) . This is unequivocal evidence that the LLs develop concomitantly with the QAH effect. Such coexistence of LLs and QAH is best exemplified by the R yx ¼ Àh=ð2e 2 Þ quantization at the first fully filled LL: The LL quantization is responsible for only one of the two edge channels, whereas the QAH effect contributes the other edge channel.
All states observed in this work can be understood from a unified view that separates the filling factor into its two constituents, n ¼ n t þ n b , where n tðbÞ ¼ N tðbÞ À 1=2 is the filling factor contributed by the top (bottom) surface of the sample. Here, top and bottom are defined by reference to the substrate underneath the sample; N tðbÞ is the LL index and −1/2 comes from the QAH chiral edge state (31, 32) . ðn t ; n b Þ ¼ ðÀ1=2; À1=2Þ describes the QAH state when E F lies inside of the exchange gap on both surfaces (Fig. 4C) . As the sample is gated, n jumps by −1 (+1) each time E F shifts through each electron (hole) level. Because sample 5b is initially electron doped at V g = 0 V, the n = −2 state at V g = −58 V will have a large carrier imbalance between the top and bottom surfaces. We determine that the most probable configuration for the n = −2 state is ðn t ; n b Þ ¼ ðÀ3=2; À1=2Þ as shown in Fig. 4D . Finally, we note that the electrons that form LLs are only a small fraction of the total number of electrons induced by the backgate. Specifically, Hall measurements near zero magnetic field yield a gate efficiency of 5 Â 10 10 cm À2 V À1 that agrees reasonably well with the efficiency estimated from the device geometry ( fig. S9 ). The carrier density estimated from the LL degeneracy, however, yields a gate efficiency of only~10% of this value. The large mismatch has also been observed in gated bismuth chalcogenide TIs (31, 32) . Our observation that the n = −2 state is well quantizedwhereas higher LLs appear only as small oscillations (Fig. 4B, marked 
